Introduction
============

Multiple modifications to histones collectively enable transcriptional regulation and play critical roles in DNA replication and repair ([@B1]). Lysines are probably the most extensively modified histone residues, undergoing *N*^ϵ^-mono/di/tri-methylation, acetylation, as well as ubiquitination and other modifications. Once thought to be irreversible, histone lysine methylation is now recognized as a dynamic process ([@B2]). Two families of histone-lysine demethylases (KDM enzymes ([@B3])) have been identified as follows: the flavin-dependent lysine-specific demethylases (KDM1 ([@B3], [@B4])) and the larger Fe(II)-dependent Jumonji C (JmjC) family, which employ 2-oxoglutarate (2OG)[^4^](#FN4){ref-type="fn"} and oxygen as cosubstrates ([@B5], [@B6]). The JmjC demethylases are linked to diseases, including cancer (*e.g.* through involvement of KDM2B ([@B7]), FBXL ([@B10]), KDM4A/B/C (JMJD2A/B/C) ([@B8]), and KDM5B (JARID1B) ([@B9], [@B10])) and mental retardation (*e.g.* KDM5C (JARID1C) ([@B11]--[@B16]) and PHF8 ([@B17]--[@B23])). Distinct JmjC demethylase subfamilies with different sequence and "methylation state" selectivities have been identified ([supplemental Fig. 1](http://www.jbc.org/cgi/content/full/M111.283689/DC1)) ([@B5], [@B24]). With respect to sequence selectivity, some JmjC demethylases are apparently specific for a single methylation site (*e.g.* KDM5A--D for H3K4), whereas others can demethylate at two (*e.g.* KDM4A--C) or more (*e.g.* PHF8) methylation sites. Crystal structures have provided insights into JmjC structures and suggest that methylation state selectivity may be primarily determined by the active site topology ([@B25]--[@B29]). However, there is a poor understanding of how sequence selectivity is achieved. In at least one case, PHF8, the binding of a noncatalytic plant homeobox domain (PHD) to a modified lysine is important in guiding another particular methylated lysine to a JmjC domain for demethylation ([@B17], [@B27], [@B30]). In other cases, the available evidence is that sequence selectivity is determined, at least in part, by binding to the "catalytic" 2OG oxygenase domain.

There are six members (*KDM4A--F*) of the human *KDM4* (*JMJD2*) subfamily, of which two, *KDM4E/F*, are likely to be pseudogenes ([@B31]). KDM4A and -C are the best studied members of the KDM4 subfamily and have roles in development, cancer, and stem cell biology ([@B8], [@B32]--[@B35]). KDM4A/B/C catalyze demethylation of tri- and di-methylated forms of both histone H3 lysine 9 (H3K9me3/me2) and lysine 36 (H3K36me3/me2) ([@B8], [@B32], [@B36]--[@B39]). However, KDM4D and KDM4E (which is catalytically active) only catalyze demethylation of H3K9me3/me2 ([@B37], [@B38], [@B40], [@B41]).

Here, we report combined structural, biochemical, and cellular studies on the determinants that regulate sequence selectivity within the KDM4 demethylase subfamily. The results reveal that binding interactions away from the conserved oxygenase active site are important in determining selectivity and that the sequence-determining residues are conserved among eutherian KDM4Ds.

EXPERIMENTAL PROCEDURES
=======================

### 

#### Assays

Peptides were synthesized using a CS-Bio automated solid-phase peptide synthesizer as reported previously ([@B26]). The catalytic domains of human KDM4A--E were produced as N-terminally His-tagged proteins in *Escherichia coli* and purified by nickel affinity chromatography as reported previously ([@B26]). Variants were generated using the QuikChange^TM^ and QuikChange^TM^ multisite site-directed mutagenesis kit (Stratagene), and mutations were confirmed by DNA sequencing. Purified enzymes were incubated with Fe(II), 2OG, ascorbate, and peptide and analyzed by MALDI-TOF mass spectrometry as reported previously ([@B42]). Kinetic constants were determined using a formaldehyde dehydrogenase-coupled assay as reported previously ([@B41]). For the competition assays, equal concentrations (10 μ[m]{.smallcaps}) of the respective peptides were used. Aliquots were taken from the reaction mixture at specific time points, quenched with MeOH (1:1), and analyzed by MALDI-TOF MS. Demethylation assays using bulk calf thymus type II-A histones (Sigma H9250) using Western blot analysis was performed as reported previously ([@B17]). Immunofluorescence assays were performed as reported previously ([@B43]).

#### Crystallization and Structure Determination of KDM4C and KDM4E

Crystals of KDM4C were grown at 4 °C by vapor diffusion in sitting drops mixing protein (7 mg/ml with 2 m[m]{.smallcaps} *N*-oxalylglycine) and well solution (25% (v/v) PEG3350, 0.2 [m]{.smallcaps} sodium nitrate, 0.1 [m]{.smallcaps} Bistris propane, pH 6.5, 5% (v/v) ethylene glycol, 0.01 [m]{.smallcaps} NiCl~2~) in a 2:1 ratio. Crystals were cryo-protected using 25% (v/v) ethylene glycol and flash-cooled in liquid nitrogen. Diffraction data extending to 2.55 Å resolution were collected at the Diamond Light Source beamline I24. Crystals of KDM4E were grown at 4 °C by vapor diffusion in sitting drops mixing protein (10 mg/ml with 2.5 m[m]{.smallcaps} 2,4-pyridinedicarboxylic acid) and well solution (20% (v/v) PEG3350, 0.1 [m]{.smallcaps} sodium citrate, pH 5.5, 2 m[m]{.smallcaps} NiCl~2~) in a 2:1 ratio. Crystals were cryo-protected using 25% (v/v) glycerol and flash-cooled in liquid nitrogen. Diffraction data extending to 2.1 Å resolution were collected at the Swiss Light Source beamline X10SA. Diffraction data were processed using the CCP4 program suite ([@B44]). The structures of KDM4C and KDM4E were determined by molecular replacement using the program PHASER ([@B45]) with the human KDM4A structure (PDB code [2OQ7](2OQ7)) as a search model. Automated model building was performed with ARP/wARP ([@B46]), followed by iterative cycles of restrained refinement and model building using REFMAC ([@B47]) and COOT ([@B48]). All residues are within the favored and allowed regions of the Ramachandran plot.

#### Bioinformatic Analyses

KDM4 orthologues were identified by BLAST searches in eukaryotic genome databases from NCBI (<http://www.ncbi.nlm.nih.gov>), Ensembl, and JGI (<http://www.jgi.doe.gov>). A multiple sequence alignment of the JmjN and JmjC domains of KDM4 orthologues from different organisms was carried out using ClustalW2 and refined using GeneDoc. A phylogenetic tree was generated from the aligned sequences and visualized using TraceSuite II. Protein domains were identified using the SMART and Pfam databases.

#### Accession Codes

Coordinates for KDM4C and KDM4E have been deposited under the accession codes [2XML](2XML) and [2W2I](2W2I), respectively, in the Protein Data Bank.

RESULTS
=======

### 

#### Kinetic Analyses of the Human KDM4 Family

To investigate the determinants of sequence selectivity within the KDM4 subfamily, we initially produced the catalytic domains of human KDM4A--E in recombinant form (KDM4F is very similar to KDM4E sharing 94% identity over 369 residues) and assayed them for activity by MS using 12--15-residue peptide fragments of histone H3. The results support previous reports ([@B8], [@B32], [@B36], [@B38]--[@B40]) that all the KDM4 members demethylate the tri- and di-methylated *N*^ϵ^-methylated forms (demethylation of H3K9me3 to H3K9me0 was observed on prolonged incubation of 15-residue H3K9me3 peptides) and that KDM4A/B/C act on both H3K9 and, less efficiently, on H3K36-methylated substrates ([Fig. 1](#F1){ref-type="fig"}*A*). In contrast, KDM4D and -E only act on H3K9, with no evidence for demethylation of H3K36, even after prolonged incubations. Competition experiments, in which we used a 1:1 ratio of H3K9me3 and H3K36me3 peptides, demonstrate that each of KDM4A/B/C preferentially catalyze demethylation at Lys-9 rather than Lys-36 under identical conditions ([Fig. 1](#F1){ref-type="fig"}*B*). Competition experiments employing H3K9me3 (which contained ^13^C-labeled glycine residues to distinguish the demethylated products in mass spectrometric analysis from those resulting from H3K9me2 demethylation) and H3K9me2 also revealed a clear preference for the tri- over the di-methylated state for all the five analyzed KDM4 members ([Fig. 1](#F1){ref-type="fig"}*C*).

![**Substrate selectivity of the human KDM4 histone demethylase subfamily.** *A*, results using H3~1--9~K4me3, H3~1--15~K9me3, H3~1--15~K9me2, H3~1--15~K9me1, H3~24--33~K27me3, H3~30--41~K36me3, and H3~30--41~K36me2 as substrates. The extent of demethylation was measured after a 30-min incubation (37 °C). *B*, results of competition assay between H3~6--17~K9me3 and H3~30--41~K36me3. *C*, results of competition assays between H3~1--15~K9me3\[^13^C\]G12-\[^13^C\]G13 and H3~1--15~K9me2 peptides. Pairs of competing peptides are *color-coded*. In each case, incubations (37 °C) were analyzed by MS after quenching with MeOH (1:1). *Errors* represent S.D. of three replicates.](zbc0511185190001){#F1}

We then investigated kinetic parameters for the KDM4 isoforms for both tri- and di-methylation states using an eight-residue H3K9 sequence. We were unable to obtain reliable kinetic parameters for the H3K36 substrates because of the relatively low levels of activity at this site. For all KDM4 members, the *K~m~* values for H3K9me3 were similar or slightly lower than for H3K9me2 ([Table 1](#T1){ref-type="table"}). The *k*~cat~ values for the KDM4A/B/C enzymes were higher for H3K9me3 compared with H3K9me2 but very similar for both methylation states for KDM4D and -E. Thus, for the expressed enzymes KDM4A--E, the increased relative efficiency for demethylation of the tri-methylated state correlates with differences in both *K~m~* and *k*~cat~ values, with differences in *K~m~* and *k*~cat~ alone being relatively more important for KDM4D and KMD4E, respectively.

###### 

**Kinetic analyses of the KDM4 subfamily**

Kinetic analysis of the methylation state selectivity for the KDM4 subfamily members with H3~7--14~K9me3 and H37--14K9me2 employing an HCHO release assay. Errors represent S.D. of three replicates.

  KDM     H3~7--14~K9me2       H3~7--14~K9me3                                                                                         
  ------- -------------------- ----------------- ---------------------------------------------- -------------------- ---------------- ----------------------------------------------
          μ*[m]{.smallcaps}*   *s*^−*1*^         *s*^−*1*^ μ*[m]{.smallcaps}*^−*1*^ × *10^4^*   μ*[m]{.smallcaps}*   *s*^−*1*^        *s*^−*1*^ μ*[m]{.smallcaps}*^−*1*^ × *10^4^*
  KDM4A   73 ± 26              0.0029 ± 0.0004   0.4                                            45 ± 7               0.010 ± 0.0005   2.2
  KDM4B   50 ± 11              0.0050 ± 0.0004   1.0                                            31 ± 10              0.028 ± 0.002    9.0
  KDM4C   66 ± 14              0.0072 ± 0.0005   1.1                                            48 ± 9               0.029 ± 0.002    6.0
  KDM4D   74 ± 6               0.012 ± 0.0003    1.6                                            37 ± 9               0.015 ± 0.001    4.1
  KDM4E   25 ± 3               0.065 ± 0.002     26.0                                           23 ± 4               0.076 ± 0.01     33.0

Overall, the kinetic analyses clearly revealed that KDM4A/B/C accepted both H3K9 and H3K36 as substrates, whereas KDM4D/E only accepted H3K9. The combined *K~m~* and *k*~cat~ values for the H3K9 substrates suggest that differences in rates of demethylation, and hence selectivity, may arise both from differences in substrate binding and rate of reaction once bound as enzyme-substrate complexes. We then investigated how differences in substrate-binding interactions lead to differences in sequence selectivity by carrying out crystallographic analyses on the two different subgroups of KDM4 enzymes.

#### Structural Basis of Sequence Selectivity between KDM4 Members

In addition to the described structures for KDM4A ([@B26]) and KDM4D (PDB code [3DXU](3DXU)), we determined the structure of KDM4C in complex with Ni^2+^ and *N*-oxalylglycine at 2.55 Å resolution and the structure of KDM4E in complex with Ni^2+^ and the KDM4 inhibitor 2,4-pyridinedicarboxylic acid ([@B41]) at 2.10 Å resolution ([supplemental Table 1 and Fig. 3](http://www.jbc.org/cgi/content/full/M111.283689/DC1)). The overall architectures of the catalytic domains of KDM4C and KDM4E are highly similar to other members of the KDM4 family ([supplemental Table 2 and Fig. 3](http://www.jbc.org/cgi/content/full/M111.283689/DC1) and [Fig. 2](#F2){ref-type="fig"}), with only minor structural differences observed (*e.g.* the zinc-binding site is disordered in KDM4E, likely as a result of the crystallization conditions). The structures also share a closely related active site topology with respect to metal and 2OG binding; nickel (substituting iron) ion is coordinated by the conserved H*X*(E/D) ... H motif and in a bidentate manner by a close 2OG analogue (*N*-oxalylglycine in KDM4C and 2,4-pyridinedicarboxylic acid in KDM4E).

![**Comparison of the Zn(II)-binding sites of human and yeast KDM4 members as observed in crystal structures for KDM4A,C,D,E and Rph1.** Note that in case of the KDM4D structure (*blue*, PDB code [3DXU](3DXU)) there are substantial differences in secondary structure affecting parts of the Zn(II) (*dark sphere*) binding loop. The zinc-binding site in KDM4E is disordered possibly due to loss of zinc in the crystallization process. NOG, *N*-oxalylglycine.](zbc0511185190002){#F2}

To investigate the underlying structural features resulting in differences in substrate selectivity between the KDM4A/B/C and KDM4D/E subgroups, we inspected the residues lining the active site and the substrate binding region ([Fig. 3](#F3){ref-type="fig"}). Consistent with the kinetic analyses demonstrating a general preference of the tri- and di- over the mono-methylated states, all KDM4 subfamily members have highly conserved residues lining the methylammonium-binding pocket. The exceptions are Ser-288~A~/Ser-289~B~/Ser-290~C~ and Thr-289~A~/Thr-290~B~/Thr-291~C~ in KDM4A, -B, and -C (the KDM isoform is denoted by a subscript), which are substituted by Ala-287~D~/Ala-289~E~/Ala-286~F~ and Ile-288~D~/Ile-290~E~/Ile-287~F~ in KDM4D--F, respectively (the structures of KDM4B and -F were modeled based on the other structures). Chen *et al.* ([@B38]) have reported that the KDM4A S288A/T289I double variants show high activity for both H3K9me3/me2 and H3K36me/me2. We thus proposed that interactions responsible for the sequence selectivity are likely outside the methylammonium-binding pocket and focused on identifying such potential interactions.

![**Structural comparisons of the KDM4 subfamily reveal potential determinants of sequence selectivity.** *A*, residue differences between KDM4D/E (*dark gray*) and KDM4A/B/C (*light gray*) subgroups in the H3K36 peptide binding region as observed in KDM4A-substrate crystal structures. Proposed interactions in *brackets* were not observed in these crystal structures likely due to missing electron density for the Arg-40~H3~ side chain. *B*, comparison of proposed substrate binding interactions as observed in KDM4A (PDB code [2OS2](2OS2)), KDM4C (PDB code [2XML](2XML)), and KDM4E (PDB code [2W2I](2W2I)) structures. KDM4A/C/E are in *gray*, H3K9me3 in *turquoise*, and H3K36me3 in *yellow*. The predicted substrate binding surfaces are in *red*. For KDM4C/E the substrate conformations observed in KDM4A were docked into the active sites.](zbc0511185190003){#F3}

Comparison of the KDM4A-H3K9 and -H3K36 substrate structures with the KDM4E structure reveals surface differences in the peptide-binding site that we considered may underlie the lack of activity toward H3K36 substrates for KDM4D/E ([Fig. 3](#F3){ref-type="fig"}). Importantly, all differences in peptide-enzyme interactions, as described below for KDM4A *versus* KDM4E, are conserved within the KDM4A--C and KDM4D/E subgroups ([Fig. 3](#F3){ref-type="fig"}*A*), thus allowing us to analyze substrate specificity for the KDM4D/E sub-branch using KDM4E as a model system. Besides its *N*^ϵ^-methyl lysine interactions, in KDM4A, the H3K36 peptide, which adopts a bent conformation centered around Pro-38~H3~, is apparently bound by interactions, including those involving Thr-32~H3~, Gly-33~H3~, Val-35~H3~, Lys-37~H3~, and Tyr-41~H3~. Thr-32~H3~-Oγ is positioned to hydrogen bond to the Ser-316~A~ backbone amide, which is conserved among all KDM4 members ([Fig. 3](#F3){ref-type="fig"}*A*). The main-chain amide and/or carbonyl groups of Gly-33~H3~, Val-35~H3~, Lys-37~H3~, and Tyr-41~H3~ are positioned to form hydrogen bonds with the backbone amide and/or carbonyl groups of Lys-314~A~, Asp-311~A~, Ala-69~A~ and Asn-86~A~, respectively. These residues are conserved among KDM4A--C and substituted by Thr-318~D~/Thr-315~E~, Ala-315~D~/Ser-312~E~, Thr-73~D~/Thr-70~E~, and His-90~D~/His-87~E~ in KDM4D/E, respectively. However, the analogous KDM4D/E residues are unlikely to enable H3K36 activity because the enzyme-substrate interactions mediated by them apparently only involve backbone interactions. We therefore considered other interactions involved in H3K36 binding, including those not immediately apparent from the crystal structures.

Analysis of the KDM4A H3K36me3 structure suggests that a negatively charged surface is involved in binding the positively charged side chains of Lys-37~H3~ and, possibly, Arg-40~H3~ ([Fig. 3](#F3){ref-type="fig"}), for the side chains of His-39~H3~ and Arg-40~H3~, electron density was not observed. The region possibly contributing to Arg-40~H3~ binding is altered in KDM4E compared with KDM4A; Gln-88~A~ is substituted by Lys-89~E~ likely causing a consequent alteration in electrostatic properties. Further differences in KDM4A/KDM4E substrate binding may occur at residues Leu-72~E~, His-87~E~, and Lys-88~E~ in KDM4E (Ile-71~A~, Asn-86~A~, and Ile-87~A~ in KDM4A), two of which might decrease H3K36 binding by increasing positive charge. In KDM4A, Tyr-41-Oγ~H3~ is within hydrogen-bonding distance of the terminal nitrogens of the guanidino group of Arg-309~A~ ([Fig. 3](#F3){ref-type="fig"}), which is located in a loop forming part of the zinc-binding site of the KDM4 family. In KDM4E, the corresponding segment is disordered (possibly due to loss of zinc during crystallization); however, sequence comparisons reveal that the homologous residue to Arg-309~A~ is Gly-310~E~, which would not be able to form the H-bonding contacts to Tyr-41-Oγ~H3~ observed in KDM4A. Overall, these analyses suggest that Ile-71~A~, Asn-86~A~, Ile-87~A~, Gln-88~A~, and Arg-309~A~ are involved in the productive binding of the H3K36 substrate in KDM4A--C.

Further structural analyses suggested that Ile-71~A~, Asn-86~A~, Ile-87~A~, Gln-88~A~, and Arg-309~A~ may not be required for binding of H3K9 substrate. The H3K9me3 peptide is, besides interactions in the methylammonium-binding pocket, bound by residues Asn-86~A~, Asp-135~A~, Glu-169~A~, Tyr-175~A~, and Lys-241~A~ which, except for Asn-86~A~, are conserved among all KDM4 members ([Fig. 3](#F3){ref-type="fig"}*A*). In the KDM4A-H3K9me3 structure, Asn-86~A~ is positioned to form two hydrogen bonds with the main-chain carbonyl of Gly-13~H3.~ In KDM4D/E Asn-86~A~, which is conserved in KDM4B/C, is replaced by His-90~D~ and His-87~E~. Based on a comparison of the KDM4A H3K9me3 substrate structure (PDB code [2OQ6](2OQ6)) with KDM4E (PDB code [2W2I](2W2I)), we proposed that His-90~D~ and His-87~E~ are also capable of hydrogen bonding with the main-chain carbonyl of Gly-13~H3~ of H3K9me3 consistent with the observation that both KDM4A and -E accept H3K9 substrates. We therefore proposed Ile-71~A~, Asn-86~A~, Ile-87~A~, Gln-88~A~, and Arg-309~A~ as important potential determinants of the H3K9/H3K36 sequence selectivities between KDM4A and KDM4E.

#### Generation of Variants with Altered Sequence Selectivity

We then tested the structurally based predictions on selectivity by mutagenesis studies. We generated KDM4A variants for each of the residues, which we predicted to determine sequence selectivity in KDM4E (I71L, N86H, I87K, Q88K, and R309G) and analyzed their ability to demethylate peptides with different methylation states at H3K9 and H3K36. The I71L, Q88K, and a quintuple variant, in which all five residues were substituted, demethylated H3K9me3 to H3K9me2 and H3K9me1 in a similar manner to wild-type KDM4A under standard conditions ([Fig. 4](#F4){ref-type="fig"}*A*). The other variants were less active with the H3K9me3 substrate. For the H3K9me2 substrate only the Q88K variant showed the same extent of demethylation compared with wild-type KDM4A, whereas the other variants showed ∼50% less demethylation compared with wild-type KDM4A; moreover, no demethylation of H3K9me2 was observed for the R309G variant. None of the variants, except Q88K, demethylated the H3K36me3 and H3K36me2 substrates after 1 h. However, after a 5-h incubation the I71L and R309G variants catalyzed ∼5--10% demethylation of H3K36me3, respectively.

![**Demethylation of histones by wild type KDM4A and variants.** *A*, demethylation of H3~1--15~K9me3, H3~1--15~K9me2, H3~30--41~K36me3, and H3~30--41~K36me2 by wild type KDM4A and variants. Reactions were at 37 °C and quenched by MeOH (1:1) after 60 min. The amount of demethylation was measured by MS. Errors represent S.D. of three replicates. *B* and *C*, kinetic analysis of the KDM4A quintuple variant with H3~7--14~K9me3 and H3~7--14~K9me2 employing a HCHO release assay. Errors represent S.D. of three replicates. *D*, demethylation of bulk histones by KDM4A variants. Reactions were at 37 °C and quenched by addition of Laemmli buffer after 5 h. KDM4A quintuple variant (*quint. var.*) = I71L, N86H, I87K, Q88K, and R309G.](zbc0511185190004){#F4}

Because the endogenous substrates of histone demethylases are histones, we aimed to exclude the possibility that the altered specificity of the KDM4A variants was only observed due to the relatively short substrate length of peptides compared with full-length histones. Therefore, we incubated the variants, wild-type KDM4A and -E, with bulk histones. Analysis by Western blotting using antibodies against H3K9me3 and K36me3 showed that although all variants demethylated H3K9me3, only the Q88K and R309G variants demethylated H3K36me3, consistent with the results with H3K9/K36 fragments ([Fig. 4](#F4){ref-type="fig"}*D*).

We then evaluated the specificity of the KDM4A variants in cells. A construct encoding for FLAG-tagged KDM4A was subjected to site-directed mutagenesis to generate the I71L and quintuple variants, *i.e.* those that were the most effective variants *in vitro* in demethylating H3K9 but not H3K36. The R309G variant was generated as a control. KDM4A, KDM4E, and the KDM4A variants were overexpressed in HeLa cells, and the levels of methylated lysines were analyzed by indirect immunofluorescence staining using antibodies against H3K9me3 and H3K36me3. For all the enzymes, a substantial loss (80%) of the H3K9me3 level was observed ([Fig. 5](#F5){ref-type="fig"}, *A* and *B*). However, although overexpression of the wild-type KDM4A and R309G variant also resulted in a substantial reduction of K36me3 levels, overexpression of the quintuple variant and, to a lesser extent, the I71L variant did not reduce the H3K36me3 levels, in agreement with the results with purified recombinant enzymes.

![**Demethylation of H3K9me3 and H3K36me3 in human cells.** Wild type KDM4E, KDM4A, and variants were expressed in HeLa cells as FLAG fusion proteins. Immunofluorescence assays with antibodies against methylated histone (*left panels*) or FLAG (*middle panels*) were used to analyze the activity of the proteins. DAPI (4,6-diamidino-2-phenylindole) staining (*right panels*) indicates location of nuclei. *A* and *C*, overexpression of KDM4A, KDM4E, and the I71L, R309G, and quintuple KDM4A variant enzymes led to a substantial loss of H3K9me3. *B* and *C*, KDM4A wild type and the KDM4A R309G variant showed a substantial loss of H3K36me3; the KDM4A I71L variant showed slightly reduced H3K36me3 levels; KDM4E and the KDM4A quintuple variants (*quint. var.*) do not reduce H3K36me3 levels. *Errors* represent S.D. of three replicates.](zbc0511185190005){#F5}

#### Phylogenetic Analysis of KDM4 Demethylases

Using structurally informed cross-genomic bioinformatic analysis, we then sought to investigate the conservation of selectivity determinants in KDM4 subfamily members in eukaryotes for which genome sequences are available. The results reveal that at least one KDM4 orthologue exists in all analyzed eukaryotes ranging from humans to *Trichoplax adherens* (the simplest known animal), choanoflagellates (*Monosiga brevicollis*), and yeasts ([Fig. 6](#F6){ref-type="fig"}). All orthologues are predicted to contain a catalytic JmjC domain with the double-stranded β-helix fold and conserved Fe(II)- and 2-OG-binding residues typical of 2OG oxygenases as well as the Zn(II)-binding motif characteristic of the catalytic domain of the KDM4 family and a JmjN domain (which is known to be required for catalytic activity ([@B36])); hence, they are likely to have demethylase activity ([supplemental Fig. 4](http://www.jbc.org/cgi/content/full/M111.283689/DC1)). The identified vertebrate and most invertebrate KDM4 enzymes contain dual PHD and Tudor domains ([Fig. 6](#F6){ref-type="fig"} and [supplemental Figs. 5 and 6](http://www.jbc.org/cgi/content/full/M111.283689/DC1)), implying conserved functional roles for the noncatalytic domains. Notably, the analyses further reveal that single orthologues of each of human KDM4A/B/C exist in all analyzed vertebrates, in support of experimental data in human, mice ([@B33], [@B49]--[@B52]), and chicken ([@B35]) suggesting that they have biologically nonredundant and important roles. Zebrafish contains one additional KDM4 protein likely resulting from the fish-specific genome duplication in the teleost fish lineage ([@B53]); the additional zebrafish orthologue has different residue features than all analyzed KDM4Ds, and phylogenetic analysis suggests that it has evolved away from KDM4A--D ([supplemental Figs. 7 and 8](http://www.jbc.org/cgi/content/full/M111.283689/DC1)). Significantly, in addition to KDM4A--C, KDM4D orthologues only exist in eutherians (placental mammals) where they are conserved; although all the identified KDM4D orthologues contain a single predicted JmjN domain to the N terminus of the JmjC domain, they lack the dual PHD and Tudor domains characteristic of KDM4A--C.

![**Evolutionary analysis of the KDM4 demethylase subfamily.** *A*, phylogenetic domain analysis of eukaryotic KDM4 orthologues. Some orthologues in invertebrates lack the PHD and Tudor domains found in vertebrates. The yeast orthologues Rph1 and Gis1 carry two C-terminal zinc fingers and lack the PHD and Tudor domains. *Ovals* represent genome duplications. Branch lengths and domain sizes are not to scale. Likely pseudogenes (*e.g.* KDM4E/F in humans) are not shown. Note that the JmjC domain of the KDM4 enzymes itself contains a Zn(II)-binding motif. *B*, sequence alignment of eutherian KDM4D orthologues. Fe(II)-binding residues are in *red* and 2OG-binding residues in *blue*. Residues proposed to determine sequence specificity for H3K9 are in *green* and conserved in all analyzed eutherians. *JmjN*, Jumonji N; *JmjC*, Jumonji C; PHD, plant homeobox domain; Tudor, Tudor domain; *bosta*, *Bos taurus*; *eleph*, *Loxodonta africana*; *mondo*, *Monodelphis domestica*; *chick*, *Gallus gallus*; *xentr*, *Xenopus tropicalis*; *danre*, *Danio rerio*; *brafl*, *Branchiostoma floridae*; *cioin*, *Ciona intestinalis*; *strpu*, *Strongylocentrotus purpuratus*; *drome*, *Drosophila melanogaster*; *caeel*, *Caenorhabditis elegans*; *triad, Trichoplax adherens; monbr*, *Monosiga brevicollis*.](zbc0511185190006){#F6}

Sequence alignment of KDM4 orthologues from different organisms reveals that the five residues we propose to abolish demethylation of H3K36 (Leu-75~D~, His-90~D~, Lys-91~D~, Lys-92~D~, and Gly-313~D~ in human KDM4D) are totally conserved among KDM4Ds from human, mouse, cow, and elephant, implying that the sequence specificity for H3K9 observed for human KDM4D is maintained and that a KDM4D type activity is important in eutherian biology.

Interestingly, the yeast KDM4 orthologue Rph1, which has been shown to demethylate H3K9 and H3K36 *in vitro* and in mammalian cells ([@B54]), differs in three of the five selectivity-determining residues from human KDM4A--D (Val-90~Rph1~, Glu-91~Rph1~, and Ile-359~Rph1~ corresponding to Ile-87~A~, Gln-88~A~ Arg-309~A~, Lys-91~D~, Lys-92~D~, and Gly-313~D~ in human KDM4A and KDM4D, respectively) ([supplemental Fig. 8](http://www.jbc.org/cgi/content/full/M111.283689/DC1)). The other two residues Ile-74~Rph1~ and Asn-89~Rph1~ in Rph1 differ from the homologous residues (Leu-75~D~ and His-90~D~) in human KDM4D but not from the homologous residues (Ile-71~A~ and Asn-86~A~) in human KDM4A (which are conserved among all analyzed KDM4A/B/C) supporting the results of our mutagenesis studies that these residues (in particular Ile-71~A~, Ile-72~B~, Ile-73~C~, and Ile-74~Rph1~) are involved in the dual sequence selectivity of human KDM4A/B/C and yeast Rph1 for H3K9 and H3K36. The differences between Rph1 and KDM4A--C may be responsible for the capability of Rph1 to demethylate H3K9me3 and H3K36me3 with similar efficiencies ([@B54]), in contrast to KDM4A/B/C, which preferentially demethylate H3K9me3 over H3K36me3. However, in the reported crystal structure of Rph1 (without substrate, PDB code [3OPT](3OPT), [supplemental Fig. 4*E*](http://www.jbc.org/cgi/content/full/M111.283689/DC1)) residues which, based on comparison with the KDM4A substrate structure, are likely to be involved in binding of H3K36me3 are partially missing due to use of a C-terminally truncated construct. Thus, structurally based predictions on how increased activity for H3K36 is achieved by Rph1 are not presently possible.

DISCUSSION
==========

The combined experimental results presented here and elsewhere ([@B8], [@B32], [@B36], [@B37], [@B40], [@B49]) and phylogenetic analyses on KDM4A--E clearly show that they can be divided into two subclasses, KDM4A--C, which are highly conserved in all vertebrates, and demethylate both H3K9 and H3K36 and KDM4D/E, which only accept H3K9 substrates. KDM4A--C have conserved dual PHD and Tudor domains in addition to their JmjC domains, which are likely involved in "targeting" the catalytic domains (as precedented with PHF8 ([@B30])). The histone marks that are recognized by the Tudor and PHD domains are uncharacterized except for the JMJD2A Tudor domain, which is selective for H3K4me3 and H4K20me3 ([@B55], [@B56]). However, KDM4D--E do not possess such "additional" domains ([Fig. 6](#F6){ref-type="fig"}); thus, it seems likely that at least some of the selectivity of the KDM4 subfamily residues arises from residues in or close to the catalytic domain. Selectivity arising from the catalytic domain may be relatively more important for those members (*e.g.* KDM4D/E) that do not contain additional domains. The altered selectivity features of the generated KDM4A variants reveal that sequence specificity within the KMD4 subfamily is not achieved by differences in the methylammonium-binding pocket but by other enzyme-histone interactions. The dramatic decrease in activity toward H3K36 of the I71L variant and the complete loss for the N86H and I87H variants reveal that these residues are key determinants of the sequence specificity for H3K36. Because the Q88K and R309G variants still demethylated H3K36, including with bulk histones and in cells, these residues are not a major determinant for sequence specificity. Interestingly, the I71L variant showed the same extent of demethylation of H3K9 as wild-type KDM4A. Thus, the interaction between Ile-71 and the H3K36 substrate could be a promising target for sequence-specific inhibitors, which would only inhibit either Lys-9- or Lys-36-directed activity of KDM4A.

The yeast KDM4 orthologue Rph1 has been reported to demethylate both H3K9 and H3K36 *in vitro* and in mammalian cells ([@B54]). However, as yet there is no reported methyltransferase acting on H3K9 in budding yeast, and this mark is therefore probably unmethylated. The capacity of Rph1 to demethylate H3K9 was suggested to be a vestige of an H3K9 methylation system in budding yeast. Interestingly, human KDM4A--C have been reported to demethylate non-histone substrates *in vitro* ([@B57], [@B58]), and the identified substrates share sequence similarity to H3K9; the biological significance of these observations is unknown. Thus, we speculate that the activity of Rph1 for H3K9 may result from its putative activity for non-histone substrates in budding yeast or earlier organisms.

The roles of bivalent *N*^ϵ^-lysine methylations in transcriptional activation and repression are established for H3K4me3 (activation) and H3K27me3 (repression) for several genes involved in development ([@B59], [@B60]). Related roles are emerging for H3K9me3 and H3K36me3 ([@B35]); H3K36me3 accumulates in the 3′-region of active genes, whereas H3K9me3 has been found in the promoter region of repressed genes, as well as in the coding region of active genes ([@B1]). The demethylation of H3K9me3/H3K36me3 by KDM4A is proposed to repress transcription ([@B36], [@B37]). However, a recent report implies that KDM4A activates genes in neural crest development by demethylating H3K9me3 at the *Sox10* gene locus; no H3K36me3 was observed at the 3′-end of the *Sox10* gene during active transcription ([@B35]). Overall, these and other results imply that the interplay between different methylation states is complex and context-dependent. In this regard, the finding that the sequence selectivity (*i.e.* Lys-9 *versus* Lys-36) can be altered by mutagenesis may also be useful in dissecting the roles of the KDM4 subfamily members and the relative importance of binding and catalytic domains in determining *in vivo* selectivity.

Although the activity toward H3K9 decreased for most point substitutions, replacement of all five residues (I71L, N86H, I87K, Q88K, and R309G) resulted in a variant with similar activity toward H3K9 compared with wild-type KDM4A, implying that there is a synergistic effect between the substitutions and hence binding interactions. Although it cannot be ruled out that *in vitro* studies of JmjC histone demethylases have consistently failed to identify additional stimulatory factors (*e.g.* protein complex partners/other conditions for optimal activity), turnover numbers for the KDM4s are low compared with some other human 2-OG oxygenases, *e.g.* γ-butyrobetaine hydroxylase ([@B61]), and comparable with those reported for the hypoxia-inducible factor hydroxylases ([@B62]). Given the central role proposed for the hypoxia-inducible factor hydroxylases in regulating the hypoxic response in all animals ([@B63], [@B64]), it is possible that the demethylase activities of the KDM4 histone demethylases have roles in directly regulating gene expression, perhaps in a redox-regulated manner. In this regard, it is interesting that expression of KDM4B is itself regulated in a hypoxia-inducible factor- and hypoxia-dependent manner ([@B65]--[@B68]), suggesting multiple ways in which oxygen levels regulate histone methylation.
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